_______________________________________________________________________

Introduction
Silicon-based computers carry out mathematical operations using Boolean logic elements. The idea of performing such operations using molecules as switching elements is scientifically interesting and may have technological potential. [1] [2] [3] [4] chromophore. In addition to a number of simple switches based on porphyrin-containing dithienylethenes, 25 dihydropyrenes, 26 and dihydroindolizines, -throw switch, 28 and a half-adder. 23 In these molecules, the switching ndolizines, 27 we have
In these molecules, the switching
The four isomeric forms of triad 1.
elements are light or heat (which can be supplied by an IR laser), photoinduced electron transfer (formation of a charge
We now report the synthesis and study of triad However, the performance of the system has not been optimized, and any practical application would require overcoming problems of photostability and relatively slow switching times.
elements are light or heat (which can be supplied by an IR laser), and the switched output is related to photoinduced electron transfer (formation of a charge-separated state, fluorescence quenching, etc.).
We now report the synthesis and study of triad 1 (Figure 1 ), which consists of a tetraarylporphyrin (P) BT, DHP-P-DHI, CPD-P-DHI and CPD-P-BT. As discussed below, by using various combinations of initial states and photonic or thermal inputs, the molecule may be made to function as either an AND gate or an INHIBIT gate. These results demonstrate the feasibility of implementing AND and INHIBIT logic functions in a molecule using light for input and output.
However, the performance of the system has not been optimized, and any practical application would equire overcoming problems of photostability and relatively slow switching times. nm, respectively). Furthermore, a cut-off filter was used to remove wavelengths shorter than 590 nm.
The power density of the resulting light was ≈33 mW/cm 2 .
Isomerization of BT to DHI was accomplished either by heating the sample in a temperature block at 55° C, or by using light from the first harmonic of a Continuum Surelight Nd:YAG laser (1064 nm, 5 ns pulses, 10 Hz repetition rate, 500 mW average power). As the BT chromophore does not have electronic transitions in this wavelength region, this isomerization is essentially thermally driven. BT may also be isomerized to DHI using visible light at high intensity, but this method was not employed in this work.
Synthesis. The syntheses of model compounds 2 (DHP-P), 26 3 (P-DHI) 27 and 4 ( Figure 2 that all the acid had been consumed. A 4-mg portion of dimethylaminopyridine was then added, (product minus two DHP-Me).
Results and Discussion
Model Compounds. In order to interpret and understand the results for 1, the previously-reported photochemical behavior of model DHP-P dyad 2 and model P-DHI dyad 3 will be briefly reviewed.
Time-resolved fluorescence and transient absorption measurements 26 of the CPD-P form of dyad 2 in 2-methyltetrahydrofuran reveal that the porphyrin first excited singlet state of 2o has a lifetime of 13.3 ns, which is very similar to that of porphyrin model compounds in deoxygenated solutions. Thus, the porphyrin first excited singlet state is not quenched by the CPD moiety, and decays by the usual pathways of intersystem crossing, internal conversion and fluorescence. Irradiation of the molecule with UV light at 254 nm converts most of the sample to the DHP-P form 2c. Under these conditions two exponential emission components were observed at 650 nm, where essentially all of the emission is due to the porphyrin (with 590 nm excitation). The lifetimes are 1.76 ns (80%) and 13.0 ns (20%); the major component is ascribed to DHP-1 P and the minor to residual CPD-1 P.
Thus, the DHP moiety quenches the porphyrin first excited singlet state significantly. The rate constant for this process is 4.9 × 10 8 s -1 . Transient absorption experiments did not allow determination of the product of this quenching. Singlet energy transfer to DHP is unlikely; the overlap of the porphyrin emission and DHP absorption spectra is poor for this endergonic (0.1 eV) process and no evidence for reverse energy transfer from DHP to P was observed. Electron transfer to form DHP •+ -P •− is thermodynamically possible, with a driving force of 0.14 eV, but no definitive evidence for the chargeseparated state was seen in the transient absorption results for the DHP form of dyad 2. It may be that the rate constant for recombination of the charge-separated state is larger than that for its formation (leading to a very low concentration at all times). Based on these observations, electron transfer to form DHP •+ -P •− seems to be the most likely quenching mechanism.
Transient absorption and emission experiments 27 on the P-DHI form of dyad 3 have revealed that the porphyrin first excited singlet state of 3c is unquenched, and neither energy nor electron transfer between the moieties occurs. In the P-BT form 3o, electron transfer occurs from 1 P-BT to yield P •+ -BT an isosbestic point at this wavelength.)
Next, the sample was exposed to 40 s of 366 nm light, followed by 300 s of red light, and the spectrum was recorded. Experiments on the model dyads have shown that the UV light causes isomerization to DHP-P-BT, and the red light then opens the DHP, leading to CPD-P-BT. Figure 3 verifies that this has occurred, revealing a strong, broad absorption of BT 27 between 440 and 650 nm, with a maximum at ~530 nm, that underlies the porphyrin Q-bands. It will also be noted that there is little absorbance change at 366 nm, verifying that there has been no net isomerization of CPD back to the DHP form.
Finally, the sample was exposed to 40 s of 366 nm light followed by 5 s of 254 nm radiation. Studies with model compounds 2 and 3 have shown that the 366 nm light opens the DHI to a photostationary state containing about 85% BT, and partially closes the CPD, giving a ratio of 45:55 CPD:DHP. The 254 nm light then closes most of the remaining CPD to the DHP form. Thus, the resulting state is mainly DHP-P-BT. This is illustrated in Figure 3 , which shows the strong BT absorbance in the 530 nm region in addition to an increased absorption at 366 nm corresponding to DHP. Figure 3 shows that by using the wavelengths and exposure times listed above, a sample of triad 1 may be photoisomerized into any of the four isomeric forms shown in Figure 1 . This is key to the operation of the logic gates. Of course, in most cases, a given sample is actually a mixture of all four forms, with a preponderance of one isomer. This cannot be avoided, especially when UV irradiation is employed, as each photochrome reaches a photostationary state. In the case of DHP-P-BT, the 300 s of red light irradiation is enough to convert essentially all of the DHP to the CPD form while closing less than 10% of the BT to the DHI form. It was also determined that exposure of the sample to 55º C for 30 min will thermally close virtually all of the BT isomers to the DHI form, but close no more than 15% of the CPD isomers to the DHP form. Alternatively, exposure to the pulsed IR laser (1064 nm) for 3 h converts 85% of BT to the DHI form. Although both CPD and DHI are both isomerized by 254 nm irradiation, the two-wavelength (254 and 366 nm) sequence mentioned above was employed to reduce photodecomposition of the DHI moiety. The operation of the gate through several cycles is illustrated in Figure 6 , wherein the porphyrin emission intensity is indicated following each input. The actual signal-to-noise obtained is evident from these data. Following each measurement, the gate was reset to its initial state and another measurement taken prior to initializing the next input. It is clear that although the gate may be cycled many times while still retaining a sufficient signal-to-noise ratio to allow detection of the state of the output, the emission intensity in the initial state increases following each reset operation. This is due for the most part to photodecomposition of the dihydroindolizine moiety. (Table 2) has two inputs and an output. When neither input is on, the gate is off. Switching on input A turns the gate on. However, turning on input B
INHIBIT Gate
does not switch the gate on. In addition, switching both inputs on leaves the gate in the off position.
Thus, input B inhibits the gate from responding to input A.
When triad 1 is used as an INHIBIT gate, it is set initially in the state DHP-P-DHI. This was done by exposing the sample dissolved in 2-methyltetrahydrofuran to 40 s of 366 nm irradiation, 5 s of 254 nm irradiation, and then 30 min at 55° C. Alternatively, exposure to IR laser pulses for 3 h could be substituted for the heating step. In the initial, DHP-P-DHI state, the porphyrin fluorescence, which comprises the output of the gate, is quenched by DHP and the gate is off. Input A is red light for 300 s.
This isomerizes DHP, leading to CPD-P-DHI. Porphyrin fluorescence is not quenched in this state, and the gate is turned on. Input B is UV irradiation at 366 nm for 40 s. This converts DHP-P-DHI to DHP-P- BT, wherein the porphyrin excited state is quenched by both photochromes, porphyrin emission is weak, . Finally, irradiation with both red light and 366 nm light (both inputs on) -BT. In this isomer, the porphyrin fluorescence is quenched by BT,
. Between applications of the various inputs, the gate is reset to its initial ussed above. Thus, the requirements for an INHIBIT gate are met. BT, wherein the porphyrin excited state is quenched by both photochromes, porphyrin emission is weak, and 366 nm light (both inputs on)
BT. In this isomer, the porphyrin fluorescence is quenched by BT,
. Between applications of the various inputs, the gate is reset to its initial IR Laser as an Input. As mentioned above, the application of heat via a heating block as an input can be replaced as an input signal or component of the reset operation with IR laser pulses at 1064 nm.
When this was done, the performance of both the AND and INHIBIT functions was very similar to that shown in Figures 5-8 , and the results are not shown here. During these experiments, the ambient temperature was 18° C, and the time constant for thermal isomerization of BT to DHI at this temperature is 244 min. When exposed to the 1064 nm laser pulses (at 10 Hz), the time constant for isomerization was reduced to 93 min. Thus, the isomerization is due, to a large extent, to the laser irradiation. The purpose of this research was to investigate the feasibility of achieving the desired functions photochemically in a molecular system, and not to demonstrate the practicality of such a molecule in an actual technologically useful device. Nevertheless, data relevant to such an application appear in Figures   6 and 8 , which indicate that under the conditions of the experiment, the triad degrades somewhat upon cycling through the various logic operations. It is clear from these data that the molecule could be cycled numerous times before the degradation reached the point that on and off responses could no longer be differentiated. However, the degradation is clearly too rapid to make the molecule useful in applications where it would have to be cycled thousands of times. Experiments on 2 and 3 have shown 26, 27 that although the DHP moiety is quite resistant to photodecomposition, the DHI moiety can degrade upon repeated cycling. It is not known whether other conditions, such as rigorous degassing, employing a polymeric film or glassy solid as the solvent, etc., would slow degradation of 1 significantly, as we have not attempted to optimize performance of the system. However, we 27 and others 30 have found that photodecomposition of dihydroindolizines related to that used in this study is greatly reduced when oxygen is rigorously excluded (e.g, by freeze-pump-thaw cycles), and this was not done in the case of 1.
The speed of response of the gates is also of interest for any potential device applications. The readout response time is on the ns time scale, as described above. The time required for isomerization of the photochromes depends, of course, on the light intensity and the temperature or IR laser flux, as appropriate. For example, the slowest step in the switching sequence for 1 above was irradiation with the pulsed IR laser for 3 h. This corresponds to 540 µs of actual irradiation time. An increased light flux would shorten the time required accordingly. In addition, the experiments were carried out in standard 1 cm cuvettes and sample sizes of ~2 mL. As the gates are of molecular dimensions, and the readout is fluorescence, which may in general be detected even with single-molecule sensitivity, it should be possible to carry out these experiments with very small volumes, and consequently shorter photoisomerization periods.
Conclusions
Triad 1 has been shown to operate as either a molecular AND logic gate or molecular INHIBIT gate, based on the choice of inputs and initial conditions. This is possible because the states of two independently-isomerizable photochromes are "sensed" by the central porphyrin, which provides an output that is based on the requirements of the gate in question. The inputs may be all photonic (although IR light is converted to thermal energy), and the output is also photonic (porphyrin fluorescence). In principle, the output could also be electronic because photoinduced electron transfer is responsible for the fluorescence quenching by BT, and likely by DHP. This approach to logic elements differs from some others in that it is based on molecules rather than materials, does not require physical access for addition of chemicals as inputs, has switching times that are not limited by bimolecular chemical reactions, and can in principle operate in media of relatively high viscosity. It is also entirely molecular in nature, whereas our previously-reported AND gate required both a molecule and a thirdharmonic-generating crystal. 23 The performance of the system has not been optimized, but as described, long-term stability is limited by degradation of the DHI moiety over a period of many cycles.
